The causes of iceberg deterioration can be discussed under three broad headi ngs: waveinduced melting at the water line; breaking: and melting at the top, bottom, and sides . A short summary of current understanding under the first two headings is presented . It is then argued, under the third heading, that the melt rate at the sides of a tabular Antarctic iceberg is likely to exceed that at the top and bottom. The behaviour of the entraining plume \;hich fo r ms at the side of an iceberg when it melts in water of uniform salinity is outlined . Another form of convection, occurring when the ambient water is stratified, is t h en described; in this case the melt \;ater spreads out in a series of almost horizontal layers . Finally. fie l d observations on iceberg me l ting are discussed.
INTRODUCTION
111e processes \;hich contribute to the decrease in size of an iceberg can be discussed under three headings. The first concerns the action of surface waves . These bring warm water continually into contact with the ice, thus causing enhanced melting at the \;ater line. This leads to the familiar undercut zones.
As far as the author knows . only one quantitative experiment has been conducted which models this me l ting. Martin and others (1978) measured the indentation produced in a b l ock of ice p l aced in a wave tank.
The vertical extent of me l ting in the ice above the water I ine was found to be about one and a half times the wave amplitude and that be l ow the water li n e to be about one half the wavelength. Further experiments, at different wave amplitudes and wavelengths. would be interesting.
Associ ated with this \;ave-i nduced melting and the resul tant undercutting of the ice, is the breaki n g-off of ice chunks to form bergy bi ts (Robe 1978) .
Such fragmentation of a b!rg decreases its size much more t h an the melting wh ich causes it . 111 i s leads to the second category of iceberg deterioration: breaking . Breaking can resu l t in a fel; very sma l I pi eces of ice, or an iceberg can break up into two . three, or possibly even more large icebergs: and there is a continuum of possibilities betl;een these.
Whi le breaking is important. especially i f the iceberg is under tow, the total volume of ice remains virtually the same. A decrease in the amount of ice can only be achieved by me l ting. This is the third category of iceberg deteriorat ion. and the one upon whi ch Ive concentrate in this paper.
A tab u lar Nltarctic berg can me l t along the top, along the bottom, or at the sides.
Near the coastline, melting along the top \"ill be smal l becau se the atmospheric temperature is below the me lt ing point of ice . Indeed, one of the resul ts of the 1978-79 Norwegian Antarctic Research Expedition was that , south of about 66°S. , me I t rates at t he upper surfaces of icebergs were less t h an the precipitation rates (Orheim 1980) . As an iceberg drifts (or is to\;ed) further north, the surface melt rate wi 11 increase .
I f t he atmosph eri c condi tions of temperature, moisture, and wind speed above the iceberg were known, the h eat transfer to the ice could be calculated (Arya 1979) and h ence the melt rate could be deduced . However, the presence of the ice changes the atmospheric conditions (cf . the fogs evoca t ively described by Weeks (1980)). which makes calc u lating the melt rate difficult. Nevertheless, it seems reasonable to suppose that the melt rate at the upper surface will still be small compared to that at the bottom and t h e sides, wh ich will nOl; be in contact with relatively warm water.
Mel ting along the bottom of an iceberg has been the subject of t h ree different st u dies. conducted a single experiment in which an ice block 0 . 45 m by 0.45 m by O. I m thick was p l aced on the surface of a 0.75 m-deep 37 . 6 0/00 NaC I solution main t ained at O°C.
The ice extended to the sides of the tank and so there was no possibility either of melting at t h e side of the ice or of di rect contact between the water and the atmosphere above the ice . 111e resul ts of t his timedependent investigation were that for the 46 h of the experiment the mel t ing along the bottom was \;e 11 represen ted by Huppert : Melting of icebergs
where z is the vertical co-ordinate of the bottom of the ice, t is the time since th e initiation of the experiment and K ~ lO-sm s-O.S Extrapolating, wi th trepidation, this result to longer times, ,,,e might suggest that in the order of lOO mm of the base of an iceberg will melt in its first year. A steady-state, rather than time-dependent, theoretical study has been presented by Gade (1979) . Unfortunately, however, he was unable to calculate the turbulent diffusivity associ ated with the convection under the ice. Rather, he compared his theory with observations of melting at the base of the Ross Ice Shelf (Little America V station) to determine the diffusivity coefficient. He thereby predicted a melting rate in the Antarcti c of the order of 0.5 m a-I, although this value is, of course, heavily dependent on the Ross Ice Shelf data.
The pre liminary results of an interesting experiment (Russell-Head 1980) , in which ice measuring 1.0 m by 0.5 m by 0.25 m thick was placed on top of salt water in a tank 2.0 m by 1. 2 m by 1.0 m high . are at variance with the result s of and Gade (1979) . Russell-Head found that the mel t rate at the base of the j ce was comparable to that at the sides, and that, if the "ocean" was at O°C and at 35 0 /00 sal inity, the mel t rate was of the order of 10 2 m a -I. It is too early to comment reliably on the cause of the rather large differences between these and the earlier results.
The r emai nder of the paper is devot ed to a discussion of me l ting a l ong the side walls of an iceberg. A large part of our knowledge in this area comes from laboratory experiments on relatively small pieces of ice. The expectation is that if the important physical effects involved in the melting are properly modelled and correctly scaled, results for the melting of large Antarctic icebergs can be deduced. There is no doubt, however, that more observations in the Antarctic are n ee d e d in order to test some of the ideas which will be outlined below.
Th e next section presents the convection patterns to be expected if the water surrounding the ice is either at a uniform density or incorporates a vertical density gradient.
The final section discusses field data which may be compared with these predicted patterns.
. SIDE-WALL MELTING (a) Uniform density surroundings
There have been a number of independent studies of a vertical ice wa l l melting into uniform surroundings, including thos e b y Neshyba (1977) . Grei s man (1979) , and Josberge r (unpub l ished)*.
Some of the results of Josberger's study with bubble-free ice between 0.5 and 1.2 m in length are neatly summarized in Figure 1 , taken from his thesis.
For oceanic temperatures and sa lini ties, at th e bottom of the ice wall there is a laminar flow with an inner layer in which the fluid motion is upward and an outer l ayer in which it is dOl"llI" ard. The inner 1 ayer contains re lati vely light, dilute. cold water and the outer layer contains relatively heavy , salty, cooled water.
Beyond a rath er small distance, which Josberger *To be r e port ed a 1 so in J o~berger a nd Martin Cin prepa rat ion) . es timat es to b e of the order of 0.5 m under typical Antarct ic condi tion s, the inner la ye r becomes turbulent and the convec tion pattern consists of a turbulent boundary la yer with solely upward flow. This boundary l aye r e ntrains ambient salty wa ter and increases its thickn ess in th e order of 3 0 • 25 , where 3 is the vertical l e ngth measured from the bottom of the turbul ent layer. Due to the divergence bet'"een th e dowl1l,ard laminar flow and the upward turbulent flow, there is a thin region of fairly strong flow toward s the ice centred on th e level at whi ch the flow c hanges form.
Josberg e r meas ured the me lt rate dxldt at oceanic s alini ties as a function of t:
where Too is the far-field temperature and T f is the freezing point of water at the far-p field salinity.
For t::,T 5 9°C, Josberger's r es ults are well represented by dx dt
(2 . 1) A few numerical values of the melt rate as a function of temperature difference and ice -wall length are given in Table 1 . It is interesting to compare the figures "ith the estimate of 50 to lOO m a-I suggested by Morgan and Budd (1978) for the mean melt rate of Antarctic icebergs. The presence of bubbles in the ice, as observed in Antarctic g l acia l ice, may influence the me l ting.
Bubbles increase the vigour of convection in t he boundary layer by t"o distinct processes.
First, the buoyancy difference bet"een the l ayer and the ambient fluid is increased . Second, the bubbles drag up fluid by the added mas s effect. Ilowever , in a seri es of experiments using ice "ith a C02 content of up to 5% by vol ume, Josberger (1980) found that the melt rate was the same as that given by Huppert: Melting of icebergs Equation (2.1) for the melting of bubble-free ice. TI1US the quantitative effects of bubb l es on the mel t rate may be sma l l. (b) Stratified surroundings In the Antarctic, as in most parts of the world's oceans, there is a vertica l density gradien t. TIle major cau se of this density gradient in the Anta r ctic is sa l inity. Representative salinity and temperature profi l es taken by Foster and Carmack ( 1976) in the Wedde l l Sea are sho"n in Figure 2 ; the increase of salinity with depth, occasionally in a series of steps, is clearly evident.
The convection pattern produced by ice melting in a salinity gradient cannot be the same as the turbulent upward motion already described . TIlis is because an entraining upward flow would be carrying salt to levels at which the surroundings are less salty and hence lighter. The resul ting buoyancy force would be of the l;rong sign to a1101" the motion to continue . Instead, the motion is of the form displayed in Figure 3 *. TIlis pattern was first reported by Huppert and Turner (1978) , and was extended bv Huppert and Turner (1980) and Huppert a n d Josberger (1980) . Th ese papers present a more detailed discussion than we have room for here .
Next to the ice face there is a very thin layer of melt "at er flowing up"atds.
Beyond this layer there is a thicker outer layer flowing dOlmwards. Due to the increase of salinity. and hence density. "ith depth the water in the outer I a yer, which has given up some heat in order to melt the ice, reaches a leve l of zero net buoyancy and flows away from the ice. This water is relatively colder and fresher than the inward flOl"ing "ater just beneath it. This is because it has been cooled by both diffusion and the addition of melt "ater and, additionally, comes originally from a level of l o"er salinity.
Double-di ffusi ve convect ion thus occurs between the two counterflo"ing layers, producing turbulence in these la yers and in the outer boundary layer.
It is because the outer boundary layer is turbu l ent that it entrains melt water from the inner boundary layer and eventually deposits it at a I eve I not far from where it "as formed . TIle heat transfer associated with the daub I ediffusive convection is responsible for the . --------------------------- slight uplvard til t of the interfaces apparent in Figure 3 . From an evaluation of the buoyancy forces acting on fluid parcels undergoing the motion described above, it is clear that the thickness of each layer will be of the form h = 0.65 [p(Tw'S",,) 
where: p (T, S) is the density as a funct i on of temperature T , and salinity. S ; the subscripts wand"" indicate eva I uation at the ice wa 11 and in the far-field respectively; and dp/d a is the vertical density gradient due to sal t. The constant 0.65 is determined experimentally. Its value is less than unity because there is a horizonta I temperature gradien t in the dOlvnlva rdflowing outer layer and thus some of the fluid particles in the boundary layer are not cooled to T . For numerical evaluation of (2.3) littYe error is incurred by replacing T by Iv Tf)~ the fre~zing point at th~ far-field Sallnlty. FIgure 4 presents In graphical form the data from experiments reported by Huppert and Turner (1980) and Huppert and Josberger (1980) . Included in the figure is the relationship (2.3), which is seen to fit the experiments for a range of density gradients which spans almost two orders of magnitude. Fig.4 . The layer thickness per unit specific gravity difference as a function of the vertical specific gravity gradient, from experiments of a vertical ice wall melting into a salinity gradient reported by Huppert and Turner (1980) and Huppert and Josberger (1980) . Po is the mean density of the ambient water.
3. FIELD OBSERVATIONS Detailed observations on mel ting icebergs or oceanographic properties in the vicinity of icebergs are unfortunately rare.
The data of Foster and Carmack (1976) displayed in Figure 2 indicate a stepped structure Ivhich might be due to the melting process described in the previous section . Evaluation of the thickness of each layer as predicted by Equation (2.3) leads to the results presented 1·0 in Table II . The agreement between the layer thickness actually observed in the upper lOO m in the centre of the Iveddell Sea and that predicted is quite good . A series of layers is rather more difficul t to discern in the more northern observations; this mi ght be due to the paucity of icebergs in the vicinity. Below 100 m in the central region, the stratification is virtually zero and the convection pattern should be of the type described in sect ion 2 (a) . centre Wedd e ll Sea, 100-400 m 5 x 10-8
Further data come from some me asur ements in fjords. Pickard and Stanton (1979) have compiled a detailed description of th e many Pacific fjords found in Alaska, Canada, Chil e , and New Zealand . Their s urvey indicates that those fjords lVith glaciers at their heads, wh en contrasted lVith those without. tend to have a stepped salinity structure and a posit i ve dissolved oxygen anomaly. TIl e l atter could be explained by some of th e air IVhich is trapped in the glacier flowing horizontall y with the melt water rather than rising to the surfa ce .
Finally. S.S. Jacob s (privat e communi cati on) has made some measurements near the t e rminus of the Erebus ice tongue. He found a we 11developed step structure between about 75 and 225 m with a layer thickness of approximatel y 20 m. This is in accord lVith the valu e calculated from Equation (2.3) . Further details will appear in a paper in preparation by 5.5. Jacobs, H. E. Huppert, G. Holdsworth and D. J. Drewry.
It is clear from thi s short catalogue that theory and laboratory observation s greatl y outnumber field data. Th e time therefore seems ripe for a series of ocean measuremen ts to confirm, or brin g into que s tion, our pres ent understanding .
